Recently, we have shown that the interaction between NGF and sensory neurons in early postnatal periods is restricted to nociceptive afferents (Ritter et al., 1991; Lewin et al., 1992a; Ritter and Mendell, 1992) . Here we show that administration of excess NGF to neonatal or mature animals can lead to a profound behavioral hyperalgesia. Neonatal NGF treatment (postnatal day O-14) resulted in a profound mechanical hyperalgesia that persisted until the animals had reached maturity (6 weeks of age). This hyperalgesia could be explained by an NGF-mediated sensitization of A6 nociceptive afferents to mechanical stimuli. This peripheral sensitization wore off with a time course similar to that of the behavioral hyperalgesia.
Treatment of animals from the second postnatal week until 5 weeks of age (juveniles) led to a very similar behavioral hyperalgesia; however, there was no corresponding sensitization of A6 nociceptors to mechanical stimuli. Finally, one group of adult animals (5 weeks old) was treated daily with single injections of NGF for between 1 and 4 d. Within 24 hr after the first NGF injection these animals developed a mechanical hyperalgesia of the same magnitude seen after neonatal and juvenile NGF treatments.
No sensitization of A6 nociceptive afferents was observed in these animals. In addition to the mechanical hyperalgesia, the animals also developed a heat hyperalgesia after one injection of NGF. The heat hyperalgesia was apparent within 15 min after the injection; however, signs of mechanical hyperalgesia were not seen until 6 hr after the injection. In conclusion, it appears that the NGF-induced mechanical hyperalgesia is brought about by different mechanisms in neonatal and adult rats. Furthermore, in adult animals the NGFinduced mechanical and heat hyperalgesia also appear to be attributable to two different mechanisms. The mechanical hyperalgesia may be due to central changes (see Lewin et al., 1992b) , whereas the heat hyperalgesia is likely to result at least in part from the sensitization of peripheral receptors to heat.
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The best-characterized physiological role for NGF during development is that of a survival factor for sympathetic and sensory neurons (Barde, 1989) . However, sensory neurons require NGF for survival only at relatively early developmental stages Johnson et al., 1980; Schwartz et al., 1982; Goedert et al., 1984; Yip et al., 1984) . In the rat this dependence on NGF for sensory neuron survival appears to end around postnatal day 2 (Lewin et al., 1992a) . The numbers and types of neurons that require NGF for survival change from the prenatal to the postnatal period in rats; almost all sensory neurons die if exposed to antisera to NGF before birth, whereas only about 20% of all dorsal root ganglion (DRG) cells (mostly small cells) appear to be dependent on NGF postnatally Yip et al., 1984; Lewin et al., 1992a) . Under most circumstances it appears that NGF is particularly important for small-diameter peptide-containing neurons (for reviews, see Otten, 1984; Lindsay, 1988) . Anti-NGF treatments in the pre-or postnatal period can lead to reductions in the number of substance P-containing neurons in the DRG Goedert et al., 1984) , and evidence from in vitro and in vivo studies suggests that calcitonin gene-related peptide (CGRP) may also be regulated by NGF levels (Lindsay et al., 1989; Inaishi et al., 1992) . Conversely, NGF treatments can lead to large increases in the peptide content of DRG neurons Kessler and Black, 1980; Lindsay et al., 1989) and also reverse the neurotoxic actions of capsaicin when this is administered to neonatal rats . Thus, NGF appears to be particularly important for small peptidergic neurons in early postnatal periods. These neurons are usually assumed to be nociceptive. However, this does not necessarily follow from their size or peptide content. Smalldiameter sensory neurons may have low-threshold sensory receptors (see Burgess and Perl, 1973, for review) , and a direct link between a sensory neuron's peptide content and its nociceptive physiology has yet to be proven (see Leah et al., 1985) .
Changes in the behavioral response of animals to nociceptive stimuli following neonatal antisera treatments have been observed (Aloe et al., 198 1; Urschel et al., 199 l) , but in these cases substantial cell death had almost certainly occurred Goedert et al., 1984; Hulsebosch et al., 1987) . Thus, it is not entirely clear if NGF regulates nociceptive function in ways other than promoting cell survival during development.
Even less is known about the actions of NGF in the mature animal, where deprivation of this factor does not lead to any cell death (see Johnson et al., 1986, for review) . Nonetheless, in adult animals NGF continues to be synthesized in peripheral tissues and retrogradely transported to sensory neuron cell bodies (Stockel et al., 1975; Goedert et al., 1980; Thoenen and Barde, 1980 ). It appears that NGF retains its specificity for some reaches sexual maturity. Again injections were given every day for the small peptidergic neurons, as high-affinity NGF receptors are first 7 d (first injection given on PND 14) and every other day thereafter.
found predominantly in these cells (Verge et al., 1989) . In adult We recognize that the animals are not mature when this treatment is animals it is known that small-diameter peptidergic neurons started but the animal is mature when the treatment finishes, and A6 nociceptors have adult-like properties by PND 14 in the rat (Fitzgerald, certainly do not constitute a physiologically homogeneous group Fulton, 1987) . The fourth regime was to treat fully mature animals (Leah et al., 1985) .
(over 5 weeks old) with NGF (1 &gm, i.p.) every day for up to 4 d.
Many afferent types can be identified in the DRG based on Behavioral assessments of the mechanical threshold for the nociceptheir target, modality, and somatic spike characteristics (Burgess tive flexion reflex were made in control (untreated) and in neonatal, iuvenile. and adult NGF-treated animals. Thresholds were measured and Perl, 1973; Rose et al., 1986; Koerber et al., 1988; Ritter and Mendell, 1992) . Recently, we have shown that some aspects of the somatic spikes of myelinated cutaneous high-threshold afferents appear to be specifically regulated by NGF (Ritter and Mendell, 1992) . However, it was not clear whether this regulation occurs in the early postnatal period or in the mature animal (Ritter et al., 1993) . Recently, we have been examining the physiological consequences for sensory neurons oftrophic factor deprivation during development and in maturity. We have established that NGF has an important role in maintaining the phenotype of myelinated nociceptors in neonatal rats (Ritter et al., 199 1) . Thus, by treating animals with heterologous antibodies to NGF during postnatal day 4 (PND4) and PNDl 1, most myelinated nociceptors in the rat sural nerve take on the phenotype of D-hairs (low-threshold A6 afferents). NGF deprivation produces this effect in the absence of cell death, and so it is not acting as a survival factor (Lewin et al., 1992a) . The reduction in the numbers of myelinated nociceptors is accompanied, in the mature animal, by a reduction in the magnitude of antidromic vasodilatation elicited by stimulating A6 afferents and this may be related to the fact that fewer CGRP-immunoreactive fibers are present in the skin of these animals (Tonra et al., 1992) . No similar effects were seen when adult animals were treated with anti-NGF (Ritter et al., 199 1) .
In the present study we have investigated the effects of exogenous NGF on myelinated nociceptors in neonatal, juvenile, and adult animals. Using this approach we have provided evidence that NGF directly affects the physiological properties of nociceptive neurons and even certain aspects of nociceptive information transfer in the adult CNS (see Lewin et al., 1992b) . We describe for the first time a highly specific behavioral hyperalgesia that is induced by NGF treatment and provide evidence that NGF may operate via more than one mechanism to bring about this state.
Some ofthese results have been published in short form (Lewin et al., 199 1; .
Materials and Methods
Nerve growth factor (NGF; 2.5s) was isolated from mouse submaxillary gland using the method described by Schenker et al. (1976) . SpragueDawley rats of either sex were subjected to one of four NGF treatment regimes. The first regime was to administer NGF to animals from birth to 5 weeks of age, with NGF given every day for the first 7 d (1 pg/gm, s.c.) and then every other day thereafter. Animals given this treatment were the subjects of another electrophysiological study (Ritter and Mendell, 1992 ) and behavioral observations from these animals are reported here. The second regime was a neonatal treatment with NGF injected subcutaneously or intraperitoneally at a dose of 2 @/grn every day from -using calibrated von Frey hairs in awake, lightly restrained animals. Hairs of increasing force were applied to the dorsum of the foot until a consistent flexion was elicited from all regions of the dorsal foot (from toes to ankle). When a flexion was elicited in more than 80% of the von Frey hair applications (stimuli given every 30 set at least 10 times), this was then taken as threshold. Measurements were made in control and experimental animals every other day from PND 14 until the time of recording. The use of calibrated von Frey hairs gave consistent results in our hands with one disadvantage in this context. Not many of the von Frey hairs were calibrated for the relatively high forces needed to evoke a flexion reflex. Therefore, it was not possible to detect accurately very small changes from the baseline threshold, and this is reflected in the large standard deviation bars for control data, in Figures 1 and 2 , for example. In some experiments the animals' sensitivity to noxious heat was also measured. This was done by measuring the latency for foot withdrawal from a 49°C water bath in awake, lightly restrained animals.
Electrophysiological recordings from single myelinated primary afferent fibers were made under urethane anesthesia (1.25 gm/kg, i.p.) after the animals had reached 5-l 3 weeks of age. Briefly, a laminectomy was performed to expose the entire L5 dorsal root and recordings were made in teased dorsal root filaments ofsingle units driven by sural nerve stimulation as has previously been described in detail (Lewin and McMahon, 1991; Lewin et al., 1992a) . In three animals treated from 0 to 5 weeks with NGF (group l), every isolated single unit responding to sural nerve stimulation was characterized. We have previously used this technique to estimate the relative proportions of each unit type present in the sural nerve in control and experimental animals (Ritter et al., 1991; Lewin et al., 1992a) . In these experiments we concentrated on elucidating the properties of cutaneous high-threshold mechanoreceptors (HTMRs) in response to various treatment regimes.
In this study we have encountered three types ofcutaneous AF HTMR. The first type is a relatively sensitive HTMR type that has a large receptive field with one or more small spots of high-sensitivity Perl. 1967: Lvnn and Caroenter. 1982) . The mechanical threshold of this type of afferent was determined by finding the smallest von Frey hair needed to produce a slowly adapting discharge (>20 set) when applied to a sensitive spot of the receptive field. For all the units of this type, von Frey thresholds were less than 28 gm (see Figs. 4, 5) , and in this article we have designated this type of HTMR a slowly adapting unit. In recent years it has become clear that a substantial number of nociceptors code the intensity of noxious mechanical stimulation very poorly; that is, they produce very few spikes in response to very highintensity stimuli and often fail to discharge with repeated stimulation. This type of unit has been designated "mechanically insensitive" and is present in large numbers among the Ab and C-fiber population in rat and monkey (Handwerker et al., 1991; Meyer et al., 1991; Kress et al., 1992; Lewin et al., 1992a) . In this study we have subclassified these units as rapidly adapting, as they rarely discharged more a than a few spikes at the onset ofvery high-intensity stimulation (>28 gm). Another type of unit also designated as mechanically insensitive, is one for which no cutaneous or deep receptive field could be found. This type of unit has also been encountered by others, and is likely to be an insensitive or habituated variety of the rapidly adapting, mechanically insensitive afferents described above (see Meyer et al., 199 1) .
Where means are quoted in the text, they are given together with their standard deviations.
physiology of primary sensory neurons innervating skin matures (Fitzgerald, 1967; Reynolds et al., 199 1) and a period of dependence on NGF for survival (Ritter et al., 1991; Lewin et al., 1992a) . The third regime was designated juvenile treatment. NGF was administered at an intraperitoneal dose of 1 &gm from 2 to 5 weeks of age when the animal birth (designated PND 0) for the first 7 d and then every other day thereafter until PND 14. This treatment overlaps a period when the Results NGF-induced hyperalgesia Animals were given chronic treatments of NGF from birth until maturity (5 weeks) for the purposes of another study (Ritter and Mendell, 1992) . It was noted that these animals were very sen-Hyperalgesia Induced by Chronic NGF Treatment (O-5 wk)
Mechanical
Noxious Heat (49" C) Figure   1 . Behavioral measurements made in 5-week-old rats treated with NGF from birth. Control measurements are taken from age-matched untreated rats. On the left, the mean threshold in grams (using calibrated von Frey hairs; see Materials and Methods) needed to evoke paw withdrawal is shown. After NGF treatment, the threshold for paw withdrawal decreased to about 10% of normal, indicating a profound mechanical hyperalgesia. The same animals appeared to be hyperalgesic to heat stimuli as well
as the latency for paw withdrawal was reduced to less than 50% of that seen in controls. The behavioral observations were made daily over a period~of 1 week. Error bars are SDS. sitive to the injections compared to animals given preimmune sera or anti-NGF. Upon examination, we found that the adult NGF-treated animals were profoundly hyperalgesic to mechanical and thermal stimuli ( Fig. 1 ). Behavioral thresholds for nociceptive flexion reflex were reduced to about 10% of control (11.7 * 6.8 gm compared to 12 1.6 5 58 gm in control animals; ANOVA, p < 0.00 1). The reduction in the threshold needed to elicit the flexion reflex has been interpreted as hyperalgesia in these experiments for the following reasons. First, the NGFtreated animals exhibited behavior consistent with pain in response to the smaller stimuli needed to evoke the flexion reflex; for example, they vocalized and occasionally "froze" during application of the stimulus (see Ferreira et al., 1978) . Second, the stimulus intensity required to elicit the reflex after NGF treatment was sufficient to activate most nociceptors but was at least two orders of magnitude higher than the threshold intensity for low-threshold mechanoreceptors. Not surprisingly, then, innocuous stimuli such as brush or touch did not evoke any aversive reactions from these animals. The animals in our study were under no apparent stress when they were handled, and in every other way their behavior appeared to be normal. In previous studies on myelinated nociceptor function we have shown that the physiological role of NGF in neonatal and adult animals is different (Ritter et al., 199 1; Lewin et al., 1992a) . Therefore, in this study we have looked for behavioral hyperalgesia and its possible neural correlates after both neonatal and adult NGF treatments (see Materials and Methods). It is important to note that the hyperalgesia observed after these other treatments was very similar to that observed after chronic NGF treatment.
NGF-induced hyperalgesia in neonates
In control neonatal rats, flexion reflex thresholds increase as the animal gets older such that neonatal rats are hypersensitive to mechanical stimuli at birth (as are neonatal humans) (Fitzgerald et al., 1988) . This hyperreflexia in neonates has been postulated to be due to the immaturity of interneuronal relays that regulate the threshold of the reflex (Fitzgerald et al., 1988) . In this study we monitored the reflex threshold of untreated animals from the second postnatal week to 8 weeks. We found that control rats were behaviorally very sensitive to mechanical stimuli in the third and fourth postnatal week (thresholds between 10% and 20% of those of adult animals). Subsequently their reflex thresholds began to approach those of adults, and were statistically indistinguishable from them at 6 weeks ( Fig. 2) . Animals that had been given injections of NGF in the first 2 postnatal weeks had significantly lower reflex thresholds than controls (nested ANOVA, p < 0.05) at 3, 5, 6, and 7 weeks of age. This difference was particularly impressive when the neonatally NGFtreated animals had reached maturity (6 and 7 weeks of age) (Fig. 2) . Thus, neonatal NGF treatment appeared to lead to a behavioral mechanical hyperalgesia in the mature animal.
Physiology of aferents in neonatally NGF-treated rats In control animals and NGF-treated animals (O-2 weeks) we made recordings from single myelinated afferents activated from the sural nerve when the animals were between 5 and 13 weeks old. The physiology and incidence of AP afferents in control and neonatal NGF-treated animals appeared to be indistinguishable (Table 1) . Thus, hair follicle afferents, field receptors, Pacinian corpuscle afferents, and A@ HTMRs were all present in the same proportion in control and neonatally NGF-treated animals. In addition, the conduction velocity and threshold of the various Afi afferent fibers (other than Ap HTMRs) were also no different from controls (Table 1) . About 30% of afferents in the A/3 range innervated subcutaneous structures in neonatally NGF-treated animals, which was the same as in control animals (Ritter et al., 199 1; Lewin et al., 1992a) . It may be noticed from Table 1 , however, that the A@ HTMRs (n = 6) in neonatally treated animals had very low thresholds compared to the one unit found in control animals; this decrease is consistent with what was observed for A6 afferents (see below). Figure 2 . Serial behavioral measurements made from rats aged 3-9 weeks after neonatal and juvenile NGF treatments. Measurements of mechanical thresholds were made every day (see Materials and Methods), and the data from each group were averaged for the week. Normal rats (solid bars) have very low behavioral thresholds at 3 and 4 weeks of age. The thresholds then rise to attain near adult values at between the sixth and seventh week. After neonatal (O-2 week) NGF treatment, thresholds (open bars) were significantly lower than those of controls at 3, 5, 6, and 7 weeks (nested ANOVA, p < 0.05). This difference was particularly marked at 5, 6, and 7 weeks. After juvenile NGF treatment (which started at the beginning of the third week and ended at the end of the fifth week), thresholds (crosshatched bars) were also significantly lower than controls at 3, 4, 5, 6 and 7 weeks (nested ANOVA, p < 0.05). In each group, measurements were made from at least three animals. The error bars are SDS. Figure   3 . The proportion of slowly adapting (X4), rapidly adapting (RA), and silent (No RF) Ad HTMRs encountered in animals after neonatal and "adult;' NGF treatments. The control data were divided into two groups: units classified in 5-6-week-old animals (< 9 weeks; A), and units classified in lo-14-week-old animals (> 9 weeks; B). The proportion of the unit types was not different at these two ages. In the group in A, no silent units (No RF) were encountered, probably due to the relatively small sample as these units are rare normally. C and D illustrate the classification of units after neonatal NGF treatment. The first group(C) was recorded in animals aged less than 9 weeks old (usually 5-6-week-old animals), and it can be seen that all the units were of the sensitive slowly adapting type. This is in marked contrast to the data obtained from control animals of the same age (A). In D the units were recorded from animals older than 9 weeks (usually 10-I 3 weeks old) and in contrast to C. The proportions of unit types closely resemble those seen in agematched controls (A and B). E and F illustrate the classification of units after NGF treatment in more mature animals: E is amalgamated data from juvenile NGF-treated animals and F is data from adult NGF-treated animals (see Materials and Methods). In both cases the proportions of unit types are very similar to those seen in controls. N indicates the number of single units recorded. Within the A6 range (taken here as between 2 and 14 m/set chanical threshold of these afferents ranged from 1.2 to 11.7 gm in 5-6-week-old animals) the relative proportion of HTMRs (Fig. 4) . Twelve units (25%) were classified as rapidly adapting, (38%), D-hairafferents (35%) and deep afferents (27%) observed and no mechanosensitive receptive field was found for the reafter neonatal NGF treatment was not significantly different maining three units (6%). The control units were recorded from from that in controls (Ritter et al., 199 1; Lewin et al., 1992a) .
CONTROLS
two groups of animals. The first were all five weeks old (~9 In control experiments (animals aged between 5 and 14 weeks), weeks in Fig. 3A) , and the second were all around 13-l 4 weeks 69% of A6 HTMRs (33/48 fibers) activated from the sural nerve old (>9 weeks in Fig. 3B ). It can be seen that there was very were classified as slowly adapting (see Fig. 3A) , and the melittle difference in the proportion of fibers classified as slowly adapting and rapidly adapting at the two ages. The mean mechanical threshold and receptive field area ofthe slowly adapting HTMRs at the two ages were also not different (Table 2 ). This suggests that the change in behavioral threshold observed in control animals between 5 and 9 weeks of age ( Fig. 2) was not due to changes in A6 fiber thresholds (see Fitzgerald et al., 1988) . Animals treated neonatally (O-2 weeks) with NGF were divided into two groups for single-unit recording. The first group of recordings was from rats between 5 and 7 weeks of age (i.e., 3-5 weeks after the end of the neonatal NGF treatment), when the animals were still behaviorally hyperalgesic to mechanical stimuli (Fig. 2) . The second group of recordings was from rats between 10 and 13 weeks of age, by which point the behavioral hyperalgesia had worn off completely (data not shown, but see Fig. 2 ). Myelinated A6 HTMRs recorded from the former group were markedly different from those found in control animals (see Fig. 3C , Table 2 ). None of the 33 HTMRs studied in the younger animals displayed a rapidly adapting response to noxious mechanical stimuli. In addition, no units were sampled for which a receptive field could not be found. Thus, the mechanically insensitive afferents (our rapidly adapting and no receptive field categories; see Materials and Methods) had apparently disappeared in these animals. The mean mechanical threshold of HTMRs in these NGF-treated rats was 2.5 -t 1.2 gm, compared to 4.7 ? 2.6 gm (data amalgamated from the two control groups) for slowly adapting HTMRs in control animals ( . This contrasts with anti-NGF treatments covering the period from PND 4 to PND 11, which leave the remaining HTMRs with mechanical thresholds approximately double those in controls (Lewin et al., 1992a; Ritter et al., 1993) . Despite the change in receptor threshold, there was no significant change in the mean receptive field size of the slowly adapting HTMRs (Table 2 ; p > 0.6, MannWhitney test).
It may be noticed from Figure 4A that some of the units classified as HTMRs in the NGF-treated group had mechanical thresholds of less than 1 gm. In common with others (Lynn and Carpenter, 1982; Lewin and McMahon, 1991) we have used this as the cutoff point for designating a unit as a low-or highthreshold mechanoreceptor in normal animals. In the NGFtreated animals, however, the physiology of these afferents with thresholds less than 1 gm was identical to normal A6 HTMRs in every other respect (e.g., in conduction velocity and receptive field characteristics).
In the second group of neonatally NGF-treated animals that had ceased to be hyperalgesic (1 O-l 3 weeks old), a total of 18 high-threshold A6 afferents was examined. The HTMRs encountered in this group more closely resembled those found in control animals (Fig. 30) . Fifty-five percent were slowly adapting (10 of 18) and 39% (7 of 18) were rapidly adapting with very high thresholds (> 28 gm) similar to those in controls (Fig.  3A,B) . A mechanosensitive receptive field could not be found for the remaining unit. Thus, it appeared that neonatal NGF treatment did not lead to an irreversible loss of mechanically insensitive afferents (i.e., rapidly adapting and silent units). The slowly adapting units found in this group had mechanical thresholds that were slightly lower than those found in control animals (3.8 f 2.2 gm). It can be seen from the cumulative sum shown in Figure 4B that their thresholds approach those recorded from control animals and this difference was not significant (Kolmogorov-Smirnov, p = 0.32). In parallel with this, we observed that these animals were no longer appreciably hyperalgesic to . Cumulative sum distributions of slowly adapting HTMR thresholds in control and neonatally NGF-treated animals. In these plots, each point along the ordinate represents the force in grams delivered to the skin by a von Frey hair. The percentage of units with thresholds at and below each von Frey hair is represented on the abscissa. Thus, 100% of the slowly adapting HTMR units had thresholds below 76 gm. In A the data from control (data amalgamated from young and old animals; see Table 2 , Fig. 3 ) and neonatally NGF-treated animals (the latter recorded at less than 9 weeks ofage) are shown. The thresholds of neonatally NGF-treated afferents were shifted to the left such that the mean thresholds is approximately half that in controls (see Table  2 ) and this difference was statistically significant (Kolmogorov-Smirnov, p < 0.00 1). The cumulative sum plot indicates that the distribution of thresholds is similar after neonatal NGF treatment as the curve has approximately the same shape. B shows the same control data compared with the data from neonatally NGF-treated animals recorded when they were older than 9 weeks. The distribution of thresholds approaches that seen in controls and is not significantly different (Kolmogorov-Smimov, p = 0.32). The number of threshold determinations (number of fibers) used to generate each plot is indicated on each plot. Note that the number of such determinations does not always equal the number of units isolated, as thresholds were sometimes not obtained for technical reasons. mechanical stimuli. The average receptive field size of HTMRs in these NGF-treated animals was not significantly different from controls (Table 2) . Thus, the action of neonatally administered NGF in sensitizing the AS HTMR population to mechanical stimuli appears not to be permanent although the effect considerably outlasts the treatment. NGF-induced hyperalgesia in "juveniles" Animals were treated with NGF from the end of the second postnatal week until 5 weeks of age. It can be seen from Figure  2 that this treatment starts when the threshold of the flexion reflex is still lower than in the mature animal. Like neonatal NGF this treatment appeared to lead to a small reduction in reflex threshold in the first 2 weeks of treatment (nested ANO-VA, p < 0.05). The treatment (like neonatal treatment) also had the effect of delaying the normal increase in threshold seen in normal animals over the same period (Fig. 2) . Thus, NGF administered to the juvenile rat leads to a hyperalgesia in the mature animal (6-7 weeks). However, after the NGF treatment ceases, mechanical thresholds start to return to normal within 3 weeks (Fig. 2) . In contrast, when animals were treated neonatally, recovery occurred only 6 weeks after the treatment ended. This difference might be because of the lower dose used for the juvenile treatment (1 hg/gm compared with 2 &gm used in the neonatal treatment). Despite this difference in recovery times the degree of hyperalgesia after juvenile NGF resembles that found after neonatal NGF, behavioral thresholds of 6-weekold animals were around 10% of control.
Physiology of A6 uferents after NGF in "juveniles"
Recordings were made from A/3 and A6 afferents in juvenile NGF-treated animals at two separate time points. The first was at the point when the treatment ceased (5 weeks); these animals (n = 3) were markedly hyperalgesic.
The second group was recorded from 3 weeks after the NGF treatment ceased. The behavioral thresholds of animals in the latter group (n = 2) had begun to approach those found in control animals, although the difference was still significant (64 * 20 gm compared to 168 + 69 gm in control animals; p < 0.05, nested ANOVA).
The small number ofAP afferents that were recorded appeared to be indistinguishable from those found in controls (see Table  1 ). Thus, the range of afferent types, their physiology and conduction velocity were essentially the same as found in control animals. As in animals treated with anti-NGF from 2 to 5 weeks of age, the relative proportions of A6 HTMRs, D-hairs, and deep afferents in juvenile NGF-treated animals appeared to be Nociceptor Threshold after "Adult" NGF Treatments Figure 5 . Cumulative sum distributions of slowly adapting HTMR thresholds after NGF treatment of juvenile and adult rats (see Materials and Methods). The distributions of HTMR thresholds found in juvenile and adult NGF-treated animals are plotted together with those from controls. It can be seen that the curves superimpose, indicating that these treatments had no effect on HTMR thresholds (Kolmogorov-Smimov, p > 0.9). Figure 6 . Effects of one NGF injection (1 pg/gm, i.p.) on the mechanical threshold for paw withdrawal of adult rats (5-6 weeks old). Values are the mean thresholds measured with von Frey hairs; the error bars are SDS. The inset plot shows the same data from 180 min before the injection until 420 min afterward. It can be seen from the inset that the thresholds appear to fall around 120 min after the injection, but become significantly different only at 420 min (indicated by asterisk; nested ANOVA, p < 0.05). The main diagram indicates that the decrease in mechanical thresholds appears to last at least 7 d, with the most profound changes apparent 24-48 hr after the injection. normal; that is, 43% were HTMRs, 27% were D-hairs, and 3 1% were deep afferents in 5-week-old animals (Ritter et al., 199 1; Lewin et al., 1992a) . A total of 40 high-threshold afferents were recorded in both these groups (5 and 8 weeks of age), and their properties were essentially no different from one another and from high-threshold afferents found in control animals. Thus, in the two groups, 30% and 39% of the HTMRs encountered were rapidly adapting with very high thresholds, and two afferents were recorded for which no receptive lield could be found (one in each group) (Fig. 3E) . The mean thresholds of slowly adapting HTMRs in these two groups were similar, and no different from those found in control animals (Table 2) . When the thresholds of the afferents from both groups are amalgamated and plotted as a cumulative sum, the curves practically superimpose (p > 0.9, Kolmogorov-Smimov test; Fig. 5 ). In both juvenile NGF groups the average receptive field size of slowly adapting HTMRs was not significantly different from controls (Table 2 ; Mann Whitney test, p > 0.7). Thus, after NGF treatment from 2 to 5 weeks ofage, rats develop a profound hyperalgesia to mechanical stimuli; however, it is clear that A6 nociceptors are not directly affected by the treatment.
Adult NGF treatment-mechanical hyperalgesia The interpretation of results obtained with "juvenile" NGF treatment is potentially complicated by the fact that the animals' behavioral thresholds were below adult values when the treatment commenced at 2 weeks (Fig. 2) . To avoid this problem, six S-week-old rats were treated with NGF to determine if their normal behavioral thresholds could be altered. It can be seen from Figure 6 (inset) that the animals' behavioral mechanical threshold had decreased significantly 6.5 hr after the injection (60.1 + 22.2 gm compared to 155.8 + 70.3 gm in the control period; p < 0.05, ANOVA). Twenty-four hours after the initial NGF injection, the mechanical thresholds had dropped further, to between 10% and 20% of control, a mechanical hyperalgesia of the same magnitude seen after neonatal or juvenile NGF treatments. The time course ofrecovery from the single injection of NGF was monitored in three of the animals. Significant mechanical hyperalgesia persisted for at least 3 d, and the animals' mechanical threshold returned to control values after 7 d (Fig.  6 ). In the three remaining animals, further NGF injections were given every 24 hr for up to 4 d. At the end of this period the Heat Hyperalgesia after Adult NGF Figure 7 . Effects of one NGF injection (1 &gm, i.p.) on the sensitivity of adult rats (5-6 weeks old) to noxious heat. Values are the mean latencies for paw withdrawal from a 49°C water bath. The error bars are SDS. The inset plot shows the same data from 120 min before the injection until 300 min afterward. It can be seen from the inset that the latencies appear to fall almost immediately after the injection (first point is 10 min after the injection) and the first measurement was significantly different from those taken in the control period (nested ANOVA, p i 0.05; asterisks).
The main diagram indicates that the decrease in latency appears to be maximal for at least 3 d, after which it begins to return to control values. animals (4 d NGF) were prepared for acute electrophysiological experiments to record from single A6 afferents (see below). The subsequent doses of NGF did not further reduce the mechanical thresholds (reflex threshold averaged 26.9 -t 30.9 gm at 24 hr compared to 2 1.9 -t 6.9 gm 4 d later), but the hyperalgesia was maintained.
Physiology qf A6 aflerents after adult NGF treatment
In the three animals studied, recordings were made from a total of29 A6 nociceptors. Ofthese, 16 (55%) were the slowly adapting type, 10 (35%) were rapidly adapting, and a receptive field could not be found for 3 units (10%) (Fig. 3F) . The mean threshold of slowly adapting HTMRs in these animals was not significantly different from those in control animals, as can be seen from Figure 5 (Kolmogorov-Smirnov, p > 0.9). The mean receptive field size of these afferents was not significantly different than that found in controls (Table 2 ; p > 0.9, Mann-Whitney test). Therefore, NGF treatment of mature animals appears to produce a substantial and profound mechanical hyperalgesia without affecting the physiology of A6 nociceptive afferents. In this group of animals, no change was seen in the proportion of HTMRs.
Thermal hyperalgesia rlfter NGF treatment Animals treated with NGF over a period spanning the neonatal and juvenile periods (O-5 weeks) displayed a substantial hyperalgesia to noxious heat (Fig, 1) . It was not clear to what extent this reflected NGF treatment in neonates or adults. However, the effects of NGF on heat nociception were tested in more detail in adult NGF-treated animals (one to four daily NGF injections) (Fig. 7) . It can bc seen that 15 min after the first injection of NGF the latency for foot withdrawal was significantly reduced (1.98 + 0.07 set compared to 2.37 f 0.05 set; nested ANOVA, p < 0.0 1). This thermal hyperalgesia was fully developed 50 min after the injection; latencies were on average around 33% shorter than in the control period, and this decrease was highly significant (nested ANOVA, p < 0.001). This hyperalgesia remained quantitatively the same for 3 d after the injection (Fig. 7) . On the third day the hyperalgesia appeared to wear off slowly such that the latency for foot withdrawal had returned to normal 7 d after the NGF injection. . Serial behavioral measurements made in rats aged 3-9 weeks after neonatal anti-NGF treatment from 2 to 14 d (a treatment that does not produce sensory neuron death; Lewin et al., 1992a) . Measurements of mechanical thresholds were made every day (see Materials and Methods), and the data from each group were averaged for the week. It can be seen that compared to controls (solid bars), neonatal anti-NGF treatment (crosshatched bars) does not produce any significant change (nested ANOVA, p > 0.5) in the animals' mechanical threshold at any point (up to 9 weeks of age) after the treatment ends. Error bars are SDS.
Effkcts of anti-NGF on jlexion reflex threshold
Recently, we found that A6 nociceptors are highly dependent on the availability of NGF during the first 2 postnatal weeks in the rat (Ritter et al., 1991; Lewin et al., 1992a) . In light of the findings with NGF described above, we have tested the behavioral thresholds of animals treated with anti-NGF from PND 2 to PND 14 to ascertain if the subsequent loss of A6 HTMRs had consequences for the animals' behavior. It can be seen from Figure 8 that the mechanical thresholds of these animals were indistinguishable from those of controls from the third to the ninth postnatal week (see Discussion).
Discussion
Here we have described a hyperalgesic syndrome in rats brought about by the systemic administration of the neurotrophic protein NGF. The mechanical hyperalgesia is very profound but is highly specific, there being no evidence that innocuous stimuli such as touch or brush lead to pain; that is, there is no allodynia. In normal adult rats the stimuli needed to evoke the nociceptive flexion reflex is an order of magnitude higher than the thresholds of individual mechanical nociceptors (Woolf, 1983) . This indicates that central summation of nociceptive activity is needed to provoke the perception of pain. The flexion reflex threshold can be reduced by up to 90% after NGF treatment, but the reduced stimuli evoking the reflex after NGF are still within the noxious range in that they are sufficient to activate most normal mechanical nociceptors. These considerations lead us to conclude that NGF treatment produces mechanical hyperalgesia. Mechanical hyperalgesia in experimental animals and humans is observed almost always after inflammatory or nerve lesions and has been postulated to be due primarily to changes in the central processing of sensory inputs (Hardy et al., 1950; Woolf, 1983; McMahon and Wall, 1984; Hylden et al., 1989; LaMotte et al., 199 1) . In these experiments we have shown that one protein, NGF, may reproduce such a hyperalgesia in the absence of any injury or inflammation.
Using the same behavioral measures, we were unable to detect any difference in the flexion reflex threshold after neonatal anti-NGF treatment. This is surprising in light of the very dramatic changes that take place in the character of the skin innervation after neonatal anti-NGF treatment. Most myelinated nociceptots appear to be converted into low-threshold D-hairs, and the remaining nociceptors have elevated mechanical thresholds (Ritter et al., 1991; Lewin et al., 1992a) . One might have anticipated hyperalgesia or even allodynia if these peripheral changes alone had occurred. The absence of detectable behavioral consequences suggests that central adjustments take place after neonatal anti-NGF treatments. Indeed, preliminary data indicate that central neurons that normally receive significant synaptic input from A6 nociceptors have altered receptive field properties after neonatal anti-NGF treatment (G. R. Lewin and L. M. Mendell, unpublished observations) . In contrast, the NGF treatments used here did not lead to changes in the proportion of A6 nociceptors present, and so we assume that no rearrangement in the central connections of A6 nociceptors had taken place.
The mechanical hyperalgesia resulting from NGF treatment involves at least two separate mechanisms. Neonatal NGF treatment led to hyperalgesia in adult animals that was accompanied by a long-lasting sensitization of A6 fibers to mechanical stimuli. In contrast, NGF treatments given to animals after PND 14 (juvenile and adult treatments) produced a quantitatively similar mechanical hyperalgesia in the absence of any detectable sensitization of A6 nociceptors. The possible mechanisms underlying these two hyperalgesic states are discussed below.
The long-lasting sensitization of A6 nociceptors induced by neonatal NGF treatment had a time course that paralleled that of the behavioral hyperalgesia (Figs. 2-4) . We have taken this as good evidence that the hyperalgesic syndrome in this case was caused by the peripheral sensitization of A6 nociceptive fibers. Further evidence for this assertion comes from recent experiments where we found that the mechanical thresholds of unmyelinated afferents in these animals are not greatly affected by the NGF treatment (Lewin and Mendell, unpublished observations) . It remains possible, however, that neonatal NGF treatment also led to a long-lasting change in the central processing of nociceptive information from skin that contributed to the hyperalgesia.
The mechanism by which NGF sensitizes A6 nociceptors in these experiments is unknown. It is likely that NGF is highly concentrated in the epidermis (Davies et al., 1987) where the endings of A6 nociceptors may normally reside (Kruger et al., 198 1) . These epidermal endings may be particularly sensitive to any increase in the availability of NGF during this time, particularly inasmuch as the critical period for NGF in stabilizing HTMR innervation of the skin occurs from PND 4 to PND 11 (Lewin et al., 1992a) . NGF has been demonstrated to facilitate the local proliferation of some sympathetic nerve terminals in vivo (Hill et al., 1988; Edwards et al., 1989) . If, analogously, the number of epidermal endings per sensory fiber increased in response to excess NGF, a decrease in mechanical threshold might occur as a given stimulus would impinge on more transduction sites. This may also account for the reversible loss of mechanically insensitive fibers after neonatal NGF treatment. We observed no significant increase in the receptive field area of afferents in NGF-treated animals, suggesting that new terminals or sprouts were only formed within the normal terminal field. An analogous situation may be CNS sprouting where neurons rarely elaborate sprouts outside their normal innervation territory (reviewed in Raisman and Field, 1990; Mendell and Lewin, 1992 ). The sprouting model outlined above does not, of course, explain why the sensitization of the A6 fibers wears off. After the treatment ceases, NGF is still synthesized in the tissue, but this endogenous NGF may be sufficient to maintain sprouts only for several weeks.
In these experiments we never observed single A6 units in the sural nerve with receptive fields outside the normal innervation territory of the nerve after NGF treatments. This is in contrast to the findings of Diamond et al. (1992) who, using a nociceptive reflex, obtained evidence that NGF might promote the de nova collateral sprouting of nociceptive fibers in adult rat trunk skin. The systemic doses of NGF used in adult animals in these experiments were smaller than those administered locally by Diamond et al. (1992) and thus may have been insufficient to promote such sprouting. Alternatively, the profound mechanical hyperalgesia after NGF (which would increase the gain of nociceptive reflexes) might have increased the apparent size of the nerve distribution assessed by the reflex testing used by Diamond et al. (1992) , as stimulation of afferents at the edge ofthe nerve distribution might become newly capable ofeliciting the reflex. Thus, the idea that NGF may regulate the collateral sprouting of sensory axons in skin requires further examination.
We cannot exclude the possibility that neonatal NGF treatment leads to a hypertrophy of the sympathetic nervous system, the overactivity of which in turn sensitizes primary afferents in the periphery. However, the available evidence indicates that interactions between sympathetic neurons and primary afferents only occur after nerve or tissue injury (Levine et al., 1986; Habler et al., 1987; Sato and Perl, 1991) .
In more mature animals we have demonstrated that both a mechanical and thermal hyperalgesia can result from NGF treatment. The mechanical hyperalgesia occurs in the absence of any change in the physiology of A6 fibers when NGF is given to animals from 2 to 5 weeks or over 4 d in adulthood. It may be that under these circumstances NGF sensitizes unmyelinated afferents to mechanical stimuli. At present we have no evidence on this point. If, however, NGF did act to sensitize sensory neurons in the periphery to mechanical stimuli, one might expect to see a rapid decrease in mechanical threshold following systemic or local application. We did not observe any such rapid changes in these experiments. The earliest point at which a mechanical hyperalgesia became statistically significant was over 6 hr after the injection. It might be argued that small changes in threshold occurred acutely in these experiments, but we could not detect them until over 6 hr after the injection. One other group has applied NGF directly into the foot and observed no change in mechanical threshold acutely using the Randall-Siletto paw withdrawal test (Taiwo et al., 1991) , which is more sensitive to small-threshold changes. The time course of the mechanical hyperalgesia therefore appears to be too slow for a peripheral sensitizing effect of NGF; however, we cannot exclude this possibility directly.
Another mechanism, besides peripheral sensitization, by which NGF-induced mechanical hyperalgesia might arise is by upregulation of the central connectivity of nociceptive afferents. This idea has received independent experimental support. Thus, when excess NGF is applied to the peripheral targets of some afferents in adult animals, these afferents expand their central discharge zone (Lewin et al., 1992b) , possibly as a result of changes triggered by NGF-induced upregulation of certain neuropeptides (see introductory remarks). This model may be used to explain the hyperalgesia produced by the systemic NGF treatments given here. Although we have not shown here that NGF binds to its receptor in the periphery, it is unlikely that it could gain access to the CNS directly in adult animals; thus, we believe it is probably acting via its high-affinity receptor located on peripheral sensory neurons (Davies et al., 1987) . The time course of the effect is, however, too fast for the action of NGF to be restricted to high-affinity receptors in the skin. Recent evidence indicates that systemic NGF may well act on functional receptors all along the peripheral axon including perhaps the cell body in the DRG (DiStefano et al., 1992) . Thus, a systemic dose of NGF might well upregulate peptides in NGF-responsive sensory neurons within minutes after an injection. These peptides could then be transported to the central terminals within hours by fast axonal transport.
The effects of NGF on heat nociception in adult animals stand in marked contrast to those on mechanical nociception. Within 15 min of the NGF injection (Fig. 8 ) the animals displayed a marked heat hyperalgesia. This time course is incompatible with a mechanism requiring fast axonal transport from the cell body to the central terminals. Instead, it strongly suggests that NGF can lead to the sensitization of the receptors of certain unmyelinated afferents to heat. The heat hyperalgesia was very longlasting, and so the later phases of this response may be due to changes in the central processing of nociceptive input as well. It is known that high-affinity NGF receptors are present on mast cells, and their activation can lead to mast cell degranulation (Mazurek et al., 1986) . Thus, the presence ofhigh concentrations of NGF may well lead to the release of substances that can sensitize primary afferents to heat. Alternatively, it might be argued that mast cell degranulation resulting from the treatment leads to changes in the thermal conductivity of the skin (perhaps by changes in blood flow) and this might then lead to shorter foot withdrawal latencies. However, we observed no obvious erythema in the foot at any point after the injection. Indeed, the long time course of the effect suggests that transient changes in blood flow are unlikely to be responsible for the change.
The model of NGF's central actions outlined above in the adult animal may be represent a physiological mechanism that normally operates under conditions where animals are subject to injury. It is known, for example, that NGF production is greatly increased in inflamed tissue (Weskamp and Otten, 1987) , and may be responsible for the upregulation of neuropeptide seen after inflammation (Donnerer et al., 1992) . In this way the peripheral elevation of NGF might lead to the maintenance of a hyperalgesia of peripheral and central origin for several days. The hyperalgesia that results might have adaptive advantages as it forces the organism to guard the affected part so that healing might proceed more rapidly. In summary, we have provided evidence that NGF may fulfill two quite different roles for nociceptive neurons in neonatal and adult animals. Despite the change in NGF mode of action from development to adulthood, the consequences of elevating this protein on the animals behavior appears to remain the same. Furthermore, the results highlight a potentially important physiological role for NGF in the maintenance of pathological pain states in adult animals.
